INTRODUCTION
============

Cerebral palsy (CP) is a clinical syndrome characterized by a persistent disorder of posture or movement caused by a nonprogressive disorder of the immature brain.^[@R1]^ The prevalence of CP has been reported to be between 1.86 cases per 1000 population in the United Kingdom,^[@R1]^ and 3.6 cases per 1000 in 8-year-old children in the United States,^[@R2]^ with little variation among Western nations.^[@R3]^ In a very recent systematic review analyzing a total of 49 studies, the pooled overall prevalence of CP was 2.11 cases per 1000 live births.^[@R4]^ Rates of CP in population-based settings in India and China gave figures of 2 to 2.8 cases per 1000 births.^[@R5]^ A systematic literature review for a period spanning between 1965 and 2004 found CP more prevalent in more deprived socioeconomic populations.^[@R6]^ The same study identified low birth weight, intrauterine infections, and multiple gestation as the most important risk factors for CP.^[@R6]^

Most children with CP suffer from spasticity as the main motor disorder.^[@R1],[@R7]^ Spasticity is a major challenge for rehabilitation of children with CP. This is because spasticity can cause pain, prevent or hamper function, and may disturb sleep.^[@R1],[@R7]^ Spasticity of plantar flexor muscles is a particular problem in CP because it causes toe walking. This can result in major functional implications such as disturbances in balance and walking, and interfere with gross motor function.^[@R8]^

The management of spasticity in CP is complex and is a major challenge to the treatment team.^[@R7],[@R9]^ The ultimate goal of any therapy program must be to achieve the child\'s maximum potential in motor skills.^[@R9]^ Unfortunately, the scientific evidence for various physical therapy treatment options for children with CP is limited.^[@R10],[@R11]^ Botulinum neurotoxin (BoNT) is a widely used and effective pharmacological treatment for focal muscle overactivity.^[@R2],[@R12]--[@R14]^ An alternative to BoNT treatment is focal intramuscular treatment with phenol and alcohol, with the aim to improve activity limitations and other outcomes in children and adults with spasticity.^[@R15]--[@R17]^ However, focal intramuscular injection of BoNT, phenol, and alcohol is not without problems: BoNT is expensive and not available in many countries; a significant risk of focal intramuscular injection of alcohol and phenol is persisting pain^[@R15]^; and all these procedures are invasive and, thus, not without risk when applied under difficult hygienic conditions. With regard to poststroke spasticity, a recent Cochrane review^[@R18]^ concluded that, at best, there was 'low-level' evidence for the effectiveness of outpatient multidisciplinary rehabilitation in improving active function and impairments after BoNT treatment for upper limb spasticity in adults with chronic stroke.

Orthopedic surgery is considered as a last resort in managing spasticity in children with CP, but is not an option for managing spasticity per se. Instead, it is used to help correct the secondary problems that occur with growth alongside spastic muscles and poor motion control. Those problems include muscle shortening, joint contractures, and bony deformities.^[@R19]^

Recently, extracorporeal shock wave therapy (ESWT) has become an alternative in the treatment of spasticity (summarized in Supplemental Table 1).^[@R20]--[@R37]^ A by product of extracorporeal shock wave lithotripsy, ESWT has emerged as a noninvasive management option for tendon and other pathologies of the musculoskeletal system,^[@R38]^ with only a few unwanted side effects such as temporary skin redness and pain during treatment. Prior studies on tendinopathy showed that ESWT can be as or more effective than other forms of treatment such as eccentric exercise, traditional physiotherapy, steroid injections, and surgery.^[@R38]^ There are 2 different types of extracorporeal shock waves---focused (fESWT) and radial (rESWT)---and several modes of operation of focused and radial extracorporeal shock wave generators.^[@R38]^

Among the studies on fESWT and rESWT for spasticity performed so far, 6 out of 18 (33%) were pilot studies without control group, 7 (39%) were pseudo-controlled studies (ie, each patient served as her/his own control, with 1 placebo treatment followed by 1 ESWT treatment 1 or 2 weeks later), and 5 (28%) were randomized controlled trials (RCTs) (Supplemental Table 1).

It is of note that none of the studies on fESWT and rESWT for spasticity summarized in Supplemental Table 1 was performed on patients younger than an average of 4.8 years of age. However, it has been argued that the management of spasticity in children with CP should be started as early as possible,^[@R7]^ and there is evidence that early intervention (ie, before the age of 36 months) can minimize secondary complications of CP.^[@R9]^

Acknowledging the particular problem of spastic plantar flexor muscles in CP,^[@R8]^ the limited scientific evidence for various physical therapy treatment options for children with CP,^[@R10],[@R11]^ the risks and limitations associated with BoNT and focal intramuscular treatment with phenol and alcohol,^[@R15],[@R18]^ and the proven effectiveness of rESWT in the treatment of spasticity in patients with CP aged between 10 and 46 years of age,^[@R24]^ the aim of the present study was to determine whether rESWT combined with traditional conservative therapy (consisting of physical therapy, Chinese massage, meridian mediation, and muscle stimulation) is safe and more effective than traditional conservative therapy alone for the management of spastic plantar flexor muscles in patients with CP younger than averaged 3 years of age. Although in all studies listed in Supplemental Table 1, a positive effect of fESWT or rESWT on spasticity was reported, no preliminary data were available for patients with CP younger than an average of 3 years of age. Therefore, the null hypothesis of the present study was that rESWT combined with traditional conservative therapy is as safe as, but not more effective in, the treatment of spastic plantar flexor muscles in very young patients with CP than traditional conservative therapy alone.

METHODS
=======

Ethics
------

The present study was approved by the Ethics Committee of the First Hospital of Jilin University, Changchun, China, before starting the study, and was carried out in accordance with the World Medical Association Declaration of Helsinki.^[@R39]^ It has been registered at the Chinese Clinical Trial Registry (Identifier ChiCTR-OCC-15006095) and with ClinicalTrials.gov (Identifier NCT02719483). Parents of the patients were allowed to withdraw the free and informed consent term to participate in the present study at any time.

Participants
------------

A total of n = 86 young children with CP were assessed for eligibility to be enrolled in the present prospective case control trial between April 2014 and April 2015. All patients were from the community of Changchun or Jilin province, China, and referred to the Department of Pediatric Neurology and Neurorehabilitation, First Hospital of Jilin University. Accordingly, the patients assessed for eligibility to be enrolled in the present study were representative of the citizens of the city of Changchun and Jilin Province, China. Patients were diagnosed based on their history and physical examination at the Department of Pediatric Neurology and Neurorehabilitation, First Hospital of Jilin University. Patients were considered for participation in the present study according to the inclusion and exclusion criteria summarized in Table [1](#T1){ref-type="table"}.

###### 

Inclusion and Exclusion Criteria of Children With Spastic Plantar Flexor Muscles Due to Cerebral Palsy Enrolled in the Present Study
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Allocation of Patients to One of the Treatment Groups, Dropouts, and Loss to Follow-up
--------------------------------------------------------------------------------------

The flow of patients in the present study according to the Consolidated Standards of Reporting Trials (CONSORT)^[@R40]^ is shown in Figure [1](#F1){ref-type="fig"}. After the diagnosis was confirmed, 20 out of the 86 patients assessed for eligibility were excluded because they did not meet the inclusion criteria and/or met 1 or more of the exclusion criteria, or the parents of the patients declined to participate in the study. The age distribution of the remaining 66 patients is shown in Supplemental Figure 1.

![Flow of patients in the present study according to the Consolidated Standards of Reporting Trials (CONSORT).^[@R40]^ M1 = 1 month after baseline, M3 = 3 months after baseline, rESWT = radial extracorporeal shock wave therapy.](medi-95-e3649-g002){#F1}

For the parents of these 66 patients, a thorough explanation of the various options, and also the potential risks, benefits, and outcomes associated with the various options, took place. Parents of all patients who met the inclusion criteria, did not meet the exclusion criteria, and agreed to participate in the present study were offered traditional conservative therapy consisting of physical therapy, Chinese massage, meridian mediation, and muscle stimulation for 3 months; or rESWT plus traditional conservative therapy for 3 months. After making an informed decision, those patients whose parents chose to treat the condition of their child with rESWT were assigned to the rESWT group (n = 34). Those patients whose parents chose to treat the condition of their child only with traditional conservative therapy (ie, without rESWT) were considered for inclusion in the control group (n = 32).

All patients received treatment as allocated. None of the patients were lost to follow-up at 1 month (M1) and 3 months (M3) after the first treatment, resulting in full analysis of all patients at M1 and M3 that were allocated to one of the treatment groups.

Treatment
---------

The design of the present study is shown in Supplemental Figure 2. The patients in the rESWT group were treated with the radial shock wave device, Swiss DolorClast (EMS Electro Medical Systems, Nyon, Switzerland) using the "radial" (blue) handpiece with the 15-mm applicator (the same device was used in the aforementioned study by Vidal et al^[@R24]^). Each patient received 1 rESWT session per week for 3 months, with 1500 radial shock waves per session and leg, that is, a total of 3000 radial shock waves per session or a total of 36,000 radial shock waves within 12 weeks. The application of radial shock waves to the plantar flexor muscles is shown in Figure [2](#F2){ref-type="fig"}. Radial shock waves were applied using coupling gel, and evenly distributed over the gastrocnemius and soleus muscles. The air pressure of the device was set at 0.6 bar, resulting in a positive energy flux density (EFD~+~) of 0.03 mJ/mm^2^. Radial extracorporeal shock waves were applied at a frequency of 8 Hz. Accordingly, a single rESWT session (1 leg) took approximately 3 minutes and 8 seconds. Local or general anesthesia was not applied.

![Application of radial extracorporeal shock waves (rESWs) on the gastrocnemius muscle (lateral head) of a 12-month-old patient suffering from cerebral palsy (note that rESWs were evenly distributed over the gastrocnemius and soleus muscles). The applicator of the handpiece (asterisk) of the rESW device is coupled with ultrasound gel to the skin directly over the spastic muscle (arrow).](medi-95-e3649-g003){#F2}

Patients in both groups received traditional conservative therapy consisting of physical therapy, Chinese massage, meridian mediation, and muscle stimulation for 3 months (6 days per week, 30 minutes per type of therapy).

Treatments were performed at the Department of Pediatric Neurology and Neurorehabilitation, First Hospital of Jilin University. Accordingly, the intervention was undertaken in a specialist center unrepresentative of hospitals and clinics most of the source population would attend. However, all treatments were performed on an outpatient basis and, thus, representative of that in use in the source population.

Outcome Measures
----------------

Outcome measures included the Modified Ashworth Scale (MAS) grade of the plantar flexor muscles (primary outcome measure), the passive range of motion (pROM) of the foot, and the Gross Motor Function Measure (GMFM)-88 (secondary outcome measures).

The MAS^[@R41]^ grade was collected on each side at baseline (BL), M1, and M3 after BL. For the patients in the rESWT group, the MAS grade was collected before rESWT at BL and after rESWT at M1 and M3 (Supplemental Figure 2). MAS grades were, respectively, 0 (no increase in muscle tone), 1 (slight increase in muscle tone, manifested by a catch and release or by minimal resistance at the end of the range of motion when the affected part(s) moved in flexion or extension), 1+ (slight increase in muscle tone, manifested by a catch, followed by minimal resistance throughout the remainder (less than half) of the ROM), 2 (more marked increase in muscle tone through most of the range of motion, but affected part(s) easily moved), 3 (considerable increase in muscle tone, passive movement difficult), or 4 (affected part(s) rigid in flexion or extension).^[@R41]^

Treatment success was defined as individual improvement of the primary outcome measure (MAS grade) by more than 1 grade at M3 compared with BL.

The pROM was measured at BL, M1, and M3 as the dorsiflexion of the ankle joint. Measurements were performed using a goniometer in supine position with the knee extended. For the patients in the rESWT group, pROM measurements were performed before rESWT at BL and after rESWT at M1 and M3 (Supplemental Figure 2). These data were used to calculate differences between the rESWT group and the control group at BL, and also treatment-related differences. Besides this, on the left side, pROM measurements were also performed after rESWT at BL and before rESWT at M1 and M3 (Supplemental Figure 2). These additional data were used to calculate differences in pROM immediately before and after rESWT (Δ~pRom~).

The GMFM-88^[@R42],[@R43]^ was collected at BL and M3. For the patients in the rESWT group, the GMFM-88 was collected before rESWT at BL, and after rESWT at M3 (Supplemental Figure 2). The GMFM-88 is a standardized criterion referenced measurement tool designed to measure gross motor function over time for children with disabilities between 5 months and 6 years of age.^[@R44]^ It considers 5 dimensions of gross motor function: lying and rolling (17 items), sitting (20 items), crawling and kneeling (14 items), standing (13 items), and walking, running, and jumping (24 items). A recent literature review considered the GMFM-88 useful as an outcome measure to detect changes in gross motor function in children with CP undergoing interventions.^[@R44]^

Complications, adverse effects, and complaints during treatment were documented.

Blinding
--------

The design of the present study prevented blinding of the patients, their parents, and the therapists who applied the treatments. On the other hand, the assessors who measured treatment outcome did not have access to the patients' treatment records, including patient allocation, until all patients had completed the 3-month follow-up examination.

Power Analysis
--------------

Based on the outcome of the studies listed in Supplemental Table 1, previous pilot experience with rESWT, and extensive experience with traditional conservative therapy, we expected treatment success (ie, individual reduction of the MAS grade by more than 1 grade at M3 compared with BL) in 50% of the patients in the rESWT group and in 10% of the patients in the control group. Considering a 2-sided significance level of 95%, power of 0.9, and equal samples, the power analysis determined a minimum number of n = 28 (according to Kelsey et al^[@R45]^) or n = 31 (according to Fleiss et al^[@R46]^) per group to be enrolled in the present study. Power analysis was performed with the online tool, Open Source Epidemiologic Statistics for Public Health.^[@R47]^

Statistical Analysis
--------------------

Statistical analysis was performed on an intention-to-treat basis using the "Last Observation Carried Forward" approach.^[@R48]^ However, because all patients received treatment as allocated and none of the patients were lost to follow-up at M1 and M3, it was not necessary to separately perform statistical analysis for the intention-to-treat population and the per-protocol completers.

Mean and standard deviation (SD) were calculated for all investigated variables. The D'Agostino and Pearson omnibus normality test was used to determine whether the distribution of the investigated variables of the patients in the rESWT group and the patients in the control group were consistent with a Gaussian distribution.

Differences at BL between the patients in the rESWT group and the patients in the control group were tested with nonparametric Mann--Whitney *U* test for the mean age of the patients and the mean GMFM-88 score; Fisher exact test for the relative numbers of female and male patients; and 2-way repeated-measures analysis of variance (ANOVA) with side (left, right) as within-subject factor for the mean MAS grades and the mean pROM values.

Treatment-related differences in mean MAS grades and mean pROM values between the patients in the rESWT group and the patients in the control group were tested with 2-way repeated-measures ANOVA, with the different times (BL, M1, M3) as within-subject factor, group (rEWST, control) and treated side (left, right) as between-subject factors, and age and sex of the patients as covariances.

Treatment success (ie, number of patients with reduction of the MAS grade by more than 1 grade at M3 compared with BL) was tested with Fisher exact test. This was separately done for the left and the right side.

For the patients in the rESWT group, the change in pROM on the left side immediately after rESWT compared with the situation immediately before rESWT (henceforth referred to as Δ~pROM~) was calculated at BL, M1, and M3. Differences in mean Δ~pROM~ between BL, M1, and M3 were tested using repeated-measures ANOVA with time (BL, M1, M3) as within-subject factor, followed by Bonferroni multiple comparison test comparing all pairs of groups.

Treatment-related differences in mean GMFM-88 scores between the patients in the rESWT group and the patients in the control group were tested with 2-way repeated-measures ANOVA, with the different times (BL, M3) as within-subject factor, group (rEWST, control) as between-subject factor, and age and sex of the patients as covariances.

Dependency of the individual MAS grades on the patients' age was tested with nonparametric Spearman rank-order correlation, whereas the variables pROM, Δ~pROM~, and GMFM-88 were tested with linear regression analysis.

In all analyses, an effect was considered statistically significant if its associated *P* value was smaller than 0.05. Calculations were performed using SPSS (Version 23 for Windows; IBM, Armonk, NY) and GraphPad Prism (Version 5; Graph Pad Software, San Diego, CA).

Data Deposition
---------------

All data of the present study were deposited at ClinicalTrials.gov (Identifier NCT02719483).

RESULTS
=======

Patients
--------

All BL data of the patients in the rESWT group and the patients in the control group are summarized in Table [2](#T2){ref-type="table"}, and also the *P* values of the corresponding statistical analyses.

###### 

Characteristics of Included Patients at Baseline
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The median age of the patients in the rESWT group was 22.3 months (range 12--57.5), and of the patients in the control group, 21.5 months (range 13--60). The D'Agostino and Pearson omnibus normality test showed that the age distribution of the patients in the control group was not consistent with a Gaussian distribution (*P*~rESWT~ = 0.13; *P*~control~ = 0.03). The mean age of the patients in the rESWT group was not significantly different statistically from the mean age of the patients in the control group (Table [2](#T2){ref-type="table"}).

There were 11 female and 23 male patients in the rESWT group, and 11 female and 21 male patients in the control group, with no statistically significant difference between the groups (Table [2](#T2){ref-type="table"}).

At BL, there were no statistically significant differences between the patients in the rESWT group and the patients in the control group with regard to the mean MAS grade, the mean pROM, and the mean GMFM-88 score (Table [2](#T2){ref-type="table"}). However, patients in both the rESWT group and the control group showed higher mean MAS grades on the left side than on the right side (Table [2](#T2){ref-type="table"}).

Modified Ashworth Scale (MAS; Primary Outcome Measure)
------------------------------------------------------

Radial ESWT combined with traditional conservative therapy reduced the mean MAS grade on the left side from 2.6 ± 1.0 (mean ± SD) at BL to 1.5 ± 1.0 at M3 (-42%), and on the right side from 1.9 ± 0.6 at BL to 1.2 ± 0.7 at M3 (−37%). In contrast, traditional conservative therapy alone reduced the mean MAS grade on the left side from 2.5 ± 0.8 to only 2.1 ± 0.5 at M3 (−16%), and on the right side from 1.8 ± 0.7 degrees to only 1.5 ± 0.7 at M3 (−17%). Two-way repeated-measures ANOVA showed that the within-subject effects time × side and time × treatment were statistically significant (*P* \< 0.01), and also the between-subject effect side (*P* \< 0.01) (Table [3](#T3){ref-type="table"}). Individual MAS grades did not depend on the patients' age (Figure [3](#F3){ref-type="fig"}).

###### 

Results of the Present Study (pROM, MAS, and GMFM-88)

![](medi-95-e3649-g005)

![Modified Ashworth Scale grades as a function of the patient\'s age of the patients in the rESWT group on the left (top row of panels; A--C) and the right side (second row of panels; D--F), and also of the patients in the control group on the left (third row of panels; G--I) and the right side (bottom row of panels; J--L) at baseline (left column of panels: A, D, G, and J), 1 month after baseline (middle column of panels: B, E, H, and K), and 3 months after baseline (right columns of panels: C, F, I, and L). Each panel shows individual data (dots) and the corresponding mean value (red solid lines). Results of nonparametric Spearman rank-order correlation are provided in the upper right corner of each panel. *r* = Spearman *r*, rESWT = radial extracorporeal shock wave therapy.](medi-95-e3649-g006){#F3}

Treatment Success
-----------------

Thirteen patients (13/34 = 38.2%) in the rESWT group, but no patients in the control group, showed individual improvement of the MAS grade on the left side by more than 1 grade at M3. For the right side, the corresponding data were 2 patients (2/34 = 5.9%) in the rESWT group and no patients in the control group. Differences between groups were statistically significant on the left side (*P* \< 0.01), but not on the right side (*P* = 0.49). Accordingly, the null hypothesis was rejected for the left side, but not for the right side.

Passive Range of Motion
-----------------------

Radial ESWT combined with traditional conservative therapy increased the mean pROM on the left side from 18.0 ± 11.6 degrees (mean ± SD) at BL to 33.6 ± 11.1 degrees at M3 (+87%), and on the right side from 21.9 ± 12.6 degrees at BL to 34.4 ± 10.0 degrees at M3 (+57%). In contrast, traditional conservative therapy alone increased the mean pROM on the left side from 18.3 ± 8.6 degrees at BL to only 23.4 ± 6.8 degrees at M3 (+28%), and on the right side from 17.8 ± 9.9 degrees at BL to only 23.6 ± 8.2 degrees at M3 (+33%). Two-way repeated-measures ANOVA showed that the within-subject effects time and time × treatment were statistically significant (*P* \< 0.01), and also the between-subject effect treatment (*P* \< 0.01) (Table [3](#T3){ref-type="table"}). Individual pROM values did not depend on the patients' age (Figure [4](#F4){ref-type="fig"}).

![Passive range of motion as a function of the patient\'s age of the patients in the rESWT group on the left (top row of panels: A--C) and the right side (second row of panels: D--F), and also of the patients in the control group on the left (third row of panels: G--I) and the right side (bottom row of panels: J--L) at baseline (left column of panels: A, D, G, and J), 1 month after baseline (middle column of panels: B, E, H, and K), and 3 months after baseline (right columns of panels: C, F, I, and L). Each panel shows individual data (dots) and the corresponding mean value (red solid lines). Results of linear regression analysis are provided in the upper right corner of each panel. rESWT = radial extracorporeal shock wave therapy.](medi-95-e3649-g007){#F4}

Immediately after rESWT, most of the patients showed a greater individual pROM than immediately before rESWT (Δ~pROM~) (tested only on the left side of the patients in the rESWT group) (Figure [5](#F5){ref-type="fig"}). The mean Δ~pROM~ decreased from 6.9 ± 4.7 degrees (mean ± SD) at BL to 5.4 ± 3.9 degrees at M1 and 4.2 ± 2.6 degrees at M3. Repeated-measures ANOVA showed statistically significant differences in mean Δ~pROM~ between the times (*P* = 0.02), and Bonferroni multiple comparison test revealed a statistically significant difference in mean Δ~pROM~ between BL and M3 (*P* \< 0.05), but not between BL and M1 and between M1 and M3 (*P* \< 0.05 each). Individual Δ~pROM~ values did not depend on the patient\'s age (Figure [5](#F5){ref-type="fig"}).

![Change in passive range of motion immediately after rESWT compared with the situation immediately before rESWT (Δ~pROM~) on the left side of the patients in the rESWT group at baseline (A), 1 month after baseline (B), and 3 months after baseline (C). Each panel shows individual data (dots) and the corresponding mean value (red solid lines). Results of linear regression analysis are provided in the upper right corner of each panel. rESWT = radial extracorporeal shock wave therapy.](medi-95-e3649-g008){#F5}

Gross Motor Function Measure-88
-------------------------------

Radial ESWT combined with traditional conservative therapy increased the mean GMFM-88 score from 36.6 ± 28.3 (mean ± SD) at BL to 52.9 ± 24.4 at M3 (+45%). For traditional conservative therapy alone, the corresponding values were 40.2 ± 30.3 at BL and 53.1 ± 27.7 at M3 (+32%). Two-way repeated-measures ANOVA showed that the within-subject effect time was statistically significant (*P* \< 0.01), and also the between-subject effects age (*P* \< 0.01) and sex (*P* = 0.03) (Table [3](#T3){ref-type="table"}). For the patients in the rESWT group, but not for the patients in the control group, the individual GMFM-88 scores were depending on the patients' age (Figure [6](#F6){ref-type="fig"}).

![Gross Motor Function Measure (GMFM)-88 as a function of the patient\'s age of the patients in the rESWT group (A, B) and the patients in the control group (C, D) at baseline (A, C) and 3 months after baseline (B, D). Each panel shows individual data (dots). Results of linear regression analysis are provided at the top of each panel. Regression lines with a slope significantly nonzero statistically are indicated (black solid lines) together with their 95% confidence intervals (black dotted lines). The reason for the red vertical lines at X = 36 months is explained in the "Discussion" section.](medi-95-e3649-g009){#F6}

Complications, Adverse Effects, and Complaints During Treatment
---------------------------------------------------------------

No complications or adverse effects were observed. No complaints directly related to rESWT (such as pain during treatment) were reported.

DISCUSSION
==========

The findings of the present study can be summarized as follows: radial ESWT (rESWT), as applied in the present study (1 ESWT session per week for 3 months, with 1500 radial shock waves per ESWT session and leg with EFD~+~ of 0.03 mJ/mm^2^ applied at a frequency of 8 Hz, combined with traditional conservative therapy consisting of physical therapy, Chinese massage, meridian mediation, and muscle stimulation), resulted in reduced mean MAS grades of spastic plantar flexor muscles and increased mean pROM of the feet of very young patients with CP (median age below 24 months; mean age below 36 months) compared with traditional conservative therapy alone. On the other hand, rESWT, as applied in the present study, was not superior to traditional conservative therapy alone in improving the mean GMFM-88 score of very young patients with CP.

With regard to the latter finding, it is of note that the patients in the rESWT group showed a different age distribution of individual GMFM-88 scores than the patients in the control group (Figure [6](#F6){ref-type="fig"}). This was most likely due to the fact that patients were not randomly allocated to the groups, but rather according to the decision of the patients' parents after explanation of the various options, and also the potential risks, benefits, and outcomes associated with the various options. The latter strategy was chosen in agreement with the Ethics Committee of the First Hospital of Jilin University, Changchun, China, considering the very young age of the patients and the novelty of rESWT to the citizens of Jilin province, China. Specifically, parents of patients older than 36 months with GMFM-88 scores lower than 50 tended to choose traditional conservative therapy alone (4/5 = 80%; Figure [6](#F6){ref-type="fig"}), whereas parents of patients older than 36 months with GMFM-88 scores higher than 50 tended to choose rESWT (9/11 = 81.8%; Figure [6](#F6){ref-type="fig"}). In other words, parents of patients older than 36 months with better motor skills were apparently more open for a new, innovative treatment modality than parents of patients older than 36 months with worse motor skills. One cannot rule out that this observation was linked to sociological and/or psychological factors particular to the population of the citizens of Jilin Province, China. However, this observation should be considered in future studies on novel interventions on very young patients with CP.

To answer the question whether the aforementioned observation had impact on the results of the present study, we repeated the statistical analysis of the GMFM-88 data after exclusion of all patients older than 36 months of age. In this case, the groups were not significantly different statistically at BL (Fisher exact test; *P* = 0.05); patients in the rESWT group showed an increase of the mean GMFM-88 score by 79% at M3 compared with BL, whereas patients in the control group showed an increase of the mean GMFM-88 score by only 30% at M3 compared with BL; but this difference was not statistically significant (Supplemental Table 2). It therefore remains to be shown in future studies that rESWT as applied in the present study can improve the mean GMFM-88 score of very young patients with CP.

We could reject our null hypothesis on the left side of the patients (with mean MAS grades at BL of 2.6 ± 1.0 \[mean ± SD\] of the patients in the rESWT group and 2.5 ± 0.8 of the patients in the control group), but not on the right side of the patients (with mean MAS grades at BL of 1.9 ± 0.6 of the patients in the rESWT group and 1.8 ± 0.7 of the patients in the control group). This may indicate that rESWT is more effective the more increased the tone of the affected muscle is. The reason of the higher mean MAS grades on the right side than on the left side in our sample of very young patients with CP is unknown.

The present study is not the first one on ESWT for spasticity, but the first one on ESWT for spasticity in very young children with CP with median age below 24 months and mean age below 36 months (Supplemental Table 1). Thus, the present study is the first one on ESWT acknowledging the recommendation in the literature that the management of spasticity in children with CP should be started as early as possible,^[@R7]^ and the evidence in the literature indicating that early intervention (ie, before the age of 36 months) can minimize secondary complications of CP.^[@R9]^ However, it remains to be shown in future studies with longer follow-up that rESWT as applied in the present study can minimize secondary complications of CP.

The Taskforce on Childhood Motor Disorders of the US National Institutes of Health (NIH) defined spasticity in 2001 as hypertonia in which 1 or both of the following signs are present: resistance to externally imposed movement that increases with increasing speed of stretch and varies with the direction of joint movement; and resistance to externally imposed movement that rapidly rises above a threshold speed of joint angle.^[@R49]^ The Quality Standards Subcommittee of the American Academy of Neurology and the Practice Committee of the Child Neurology Society pointed out in 2010 (Delgado et al^[@R2]^) that, according to a study by Nielsen and Sinkjaer,^[@R50]^ the MAS^[@R41]^ measures a broader set of neural and musculoskeletal factors of nonvelocity-dependent hypertonia in addition to spasticity itself. According to Delgado et al,^[@R2]^ the Tardieu scale (TS)^[@R51]^ is a tool that is more consistent with the proposed definition of spasticity provided by the NIH Taskforce on Childhood Motor Disorders.^[@R49]^ The TS accounts for the joint angle measure of the spastic phenomenon at different velocities of joint movement.^[@R51]^ For the following reasons, the MAS, but not the TS, was used in the present study: it was recently shown that the MAS can have a higher intraobserver reliability (based on repeated measurements on the same child at different times) than the TS in the assessment of spasticity in children with CP^[@R52]^; in most of the studies summarized in Supplemental Table 1, the MAS was applied, but in none of these studies, the TS was applied; and our primary goal was not to assess rESWT-induced changes in spasticity according to the proposed definition of spasticity provided by the NIH Taskforce on Childhood Motor Disorders,^[@R49]^ but to compare our results to data reported in other studies on ESWT for spasticity.

The results of the present study (particularly the fact that we could not reject our null hypothesis on the right side of the patients with the lower mean MAS grades than on the left side) raised the question as to whether our treatment protocol can be further optimized. To answer this question, Supplemental Table 3 summarizes the treatment protocols of all studies on ESWT for spasticity reported so far, and Supplemental Table 4 provides an overview on the MAS grades reported in these studies.

We found that a major difference between the present study and the studies listed in Supplemental Table 1, 3, and 4 was that neither a hypothesis nor a definition of treatment success was provided in any of the latter studies, and (with the exception of a study by Santamato et al^[@R29]^), no power analysis was performed (as is required by CONSORT^[@R40]^). Besides this, we found substantial variation in the different treatment protocols, with numbers of ESWT sessions varying between 1 and 12, intervals between ESWT sessions varying between 1 day and 1 week, number of shock waves per ESWT session varying between 500 and 3000, and energy flux densities varying between 0.03 and 0.15 mJ/mm^2^ (in most studies it was not specified whether the reported energy flux density was the positive or the total energy flux density). Furthermore, the treatment protocols of the studies with control groups (ie, RCTs and case-control studies) did not reflect the treatment protocols of the studies without control groups (ie, pilot studies and pseudo-placebo controlled studies). On the other hand, with a few exceptions, the treatment protocols of the studies with control groups shared an interval between ESWT sessions of 1 week, a number of 1500 shock waves per ESWT session, and an energy flux density of 0.03 mJ/mm^2^. In fact, our treatment protocol (1 ESWT session per week for 3 months; 1500 shock waves per ESWT session, and leg with EFD~+~ of 0.03 mJ/mm^2^) was very similar to the treatment protocol used by El-Shamy et al.^[@R32]^

As shown in Supplemental Table 4, the mean MAS grade on the right side in the present study was lower than any other mean MAS grade at BL in studies on ESWT for spasticity reported so far. Thus, one cannot currently answer the question as to whether patients with spasticity and MAS grade of less than 2 at BL are good candidates for ESWT or not (as suggested by the present study). On the other hand, the data summarized in Supplemental Table 4 collectively show that for patients with spasticity and MAS grade of more than 2, ESWT can improve the MAS grade by 1 grade on average. To our knowledge, this is more than what is known for any other conservative, nonpharmacological treatment of spasticity in children with CP.^[@R10],[@R11]^

Moreover, the data summarized in Supplemental Table 4 do not indicate a striking advantage of higher energy flux densities over lower energy flux densities in ESWT for spasticity. This does not rule out the possibility that a treatment protocol similar to the one used in the present study, but with higher EFD than 0.03 mJ/mm^2^, may be even more effective in the treatment of spasticity of very young children with CP. On the other hand, higher EFDs can increase pain associated with ESWT and thus limit its usability on very young children. Besides this, it must be ruled out in future studies that ESWT for spasticity with higher EFD, particularly in very young children, does not result in myolysis as it was repeatedly reported in early studies on ESWL and ESWT with high EFD.^[@R53]--[@R55]^ It is of note that this question was not addressed in any of the studies summarized in Supplemental Tables 1, 3, and 4.

The data summarized in Supplemental Table 4 also show that a single or only a few ESWT sessions may not be effective in treating spasticity in children with CP. Rather, continuous treatment with ESWT (once per week) seems useful. In this regard, the data of the present study on MAS grades (Figure [3](#F3){ref-type="fig"}), pROM (Figure [4](#F4){ref-type="fig"}), and particularly ΔpROM (Figure [5](#F5){ref-type="fig"}) (ie, change in pROM immediately after rESWT compared with the situation immediately before rESWT) indicate that repeated rESWT did not let the treated muscles merely "fluctuate" between higher and lower muscle tone, but actually caused lasting reduction in muscle tone. Unfortunately, the molecular and cellular mechanisms of ESWT on spastic muscles causing this lasting reduction in muscle tone are largely unknown. Taking biopsy samples of spastic muscles after repeated ESWT has not yet been performed and seems very problematic from an ethical point of view in very young children.

Kenmoku et al^[@R56]^ exposed the gastrocnemius muscle of Sprague--Dawley rats to radial extracorporeal shock waves (rESWs) using the same rESWT device as in the present study (2000 radial shock waves; EFD~+~ = 0.18 mJ/mm^2^). Using a rhodamine-α-bungarotoxin binding method, the authors found that rESWs induced degeneration of acetylcholine receptors. Compared with untreated control muscles, the compound muscle action potential (CMAP) amplitude of the treated muscles was significantly decreased immediately after rESWT, and this reduction in CMAP amplitude lasted for 8 weeks without delaying latency. Kenmoku et al^[@R56]^ concluded that these results suggest a transient dysfunction of nerve conduction at the neuromuscular junction.

Recently, we exposed *Caenorhabditis elegans* worms (*C elegans*) to rESWs generated with the same rESWT device as used in the present study, and found that increased exposure to rESWs resulted in decreased mean speed of movement of the worms (analyzed under the microscope similarly to gait analysis of patients) while increasing the proportion of worms rendered paralyzed.^[@R57]^ Recovery of these 2 behavioral symptoms was observed during increasing postexposure waiting periods.^[@R57]^ At first glance, one may challenge the significance of data obtained by exposing *C elegans* to rESWs to the application of rESWT on humans. On the other hand, *C elegans* express many of the neurotransmitters and associated receptors that are found in higher eukaryotes, including humans. These include dopamine, acetylcholine, γ-aminobutyric acid (GABA), glutamate, and serotonin (reviewed in^[@R58]^). In addition, more than 100 neuropeptide genes encoding over 250 distinct neuropeptides were identified in *C elegans* so far, among them 40 genes encoding insulin-like peptides.^[@R59]^ Many of the neurons that express specific neurotransmitters were identified.^[@R60]--[@R62]^ In other words, the nervous system of *C elegans* provides a unique opportunity to understand how behavior emerges from activity in the nervous system of an organism. We may therefore expect novel major insights into the molecular and cellular mechanisms of ESWT on spastic muscles causing lasting reduction in muscle tone by exposing *C elegans* to rESWs (and also to focused extracorporeal shock waves) in future studies.

Based on reports in the literature that both rESWT and fESWT can induce neovascularization,^[@R63],[@R64]^ thereby increasing the blood supply to the tissue and modulating the activation of growth factors,^[@R63]--[@R66]^ some authors have hypothesized that these mechanisms may also play a role in reducing muscle tone in ESWT for spasticity.^[@R21],[@R27],[@R37]^ One cannot rule out that these mechanisms may indeed play a role after repeated exposure of spastic muscles to extracorporeal shock waves. However, it is of note that these mechanisms cannot explain reduction of muscle tone and improvement of the pROM of the corresponding joints immediately after ESWT.

The present study is an audit of prospectively collected data, and has therefore inherent limitations. First, there was no randomization in the present study. Second, the small number of patients could potentially confound the clinical results. Third, no muscle biopsies were taken, and, thus, the molecular and cellular mechanisms of reducing muscle tone by rESWs could not be investigated. Fourth, muscle tone was assessed with the MAS,^[@R41]^ but not with the TS^[@R51]^. However, the symptoms and physical findings used to define spasticity in children with CP in the present study are generally accepted and considered appropriate for this condition.

CONCLUSIONS
===========

The results of the present study suggest that the use of rESWT for spasticity in very young patients with CP is safe and effective, leading to a significant reduction in MAS grade and improvement of joint function without adverse effects. For this reason, clinicians should consider rESWT before invasive intervention in the management of spasticity in very young patients with CP.
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Abbreviations: BL = baseline, BoNT = botulinum neurotoxin, CP = cerebral palsy, ESWT = extracorporeal shock wave therapy, fESWT = focused extracorporeal shock wave therapy, GMFM-88 = Gross Motor Function Measure-88, M1 = 1 month after baseline, M3 = 3 months after baseline, MAS = Modified Ashworth Scale, pROM = passive range of motion, RCT = randomized controlled trial, rESWs = radial extracorporeal shock waves, rESWT = radial extracorporeal shock wave therapy.
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